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Human Papillomavirus Vaccination
at a Time of Changing
Sexual Behavior

lacopo Baussano, Fulvio Lazzarato, Marc Brisson, Silvia Franceschi

Human papillomavirus (HPV) prevalence varies widely
worldwide. We used a transmission model to show links be-
tween age-specific sexual patterns and HPV vaccination ef-
fectiveness. We considered rural India and the United States
as examples of 2 heterosexual populations with traditional
age-specific sexual behavior and gender-similar age-specif-
ic sexual behavior, respectively. We simulated these popu-
lations by using age-specific rates of sexual activity and age
differences between sexual partners and found that transi-
tions from traditional to gender-similar sexual behavior in
women <35 years of age can result in increased (2.6-fold in
our study) HPV16 prevalence. Our model shows that reduc-
tions in HPV16 prevalence are larger if vaccination occurs
in populations before transitions in sexual behavior and that
increased risk for HPV infection attributable to transition is
preventable by early vaccination. Our study highlights the
importance of using time-limited opportunities to introduce
HPV vaccination in traditional populations before changes
in age-specific sexual patterns occur.

hanges in sociocultural norms that regulate sexual

behavior have been reshaping the epidemiology of
sexually transmitted infections (STIs) in many areas of the
world. For example, changes in sexual practices have re-
sulted in an epidemic of syphilis and other STIs in China
(1,2). Data from surveys of sexual behavior show consider-
able heterogeneity of age-specific sexual patterns by coun-
try. For example, average age difference between spouses
or cohabiting partners ranged from 15 years in Burkina
Faso to 2 years in Australia (3) (online Technical Appendix
Figure 1, http://wwwnc.cdc.gov/ElD/article/22/1/15-0791-
Techapp.pdf). In addition, marriage at older ages and sexual
debut at earlier ages in women have been observed in high-
income countries over the past few decades (4) and are also

Author affiliations: International Agency for Research on Cancer,
Lyon, France (l. Baussano, F. Lazzarato, S. Franceschi);
University of Turin, Turin, Italy (F. Lazzarato); University of
Piemonte Orientale Avogadro, Novara, ltaly (F. Lazzarato);
Centre de Recherche du Centre Hospitalier Universitaire, Québec
City, Québec, Canada (M. Brisson); Université Laval, Québec City
(M. Brisson); Imperial College, London, UK (M. Brisson)

DOI: http://dx.doi.org/10.3201/eid2201.150791

now reported in many low- and middle-income countries
(3). Furthermore, age differences between sexual partners
at onset of sexual activity (5) and rate of sexual activity in
young persons (2) have been shown to influence the age-
specific distribution of STIs, such as HIV and syphilis, and
have been proposed as determinants of international varia-
tions in overall and age-specific prevalence of human pap-
illomavirus (HPV) infection (6).

We used a transmission-dynamic model to illustrate
how changes in age-specific rates of sexual activity and
age difference between sexual partners potentially af-
fect HPV prevalence in heterosexual populations. The
model also shows how differences in the timing of HPV
vaccination relative to changes in age-specific sexual
behavior may influence the effectiveness of HPV vaccina-
tion programs.

Methods

We adapted a previously described dynamic model of HPV
infection (7) to simulate transmission and clearance of the
infection (online Technical Appendix). We focused on
HPV16 infection because type 16 is the most frequent and
most carcinogenic HPV type in all world regions (8) and is
targeted by HPV vaccines.

Sexual Behavior and Study Populations

We adapted a model that used 1) age- and gender-specific
rates of sexual activity per year and 2) distribution of age
differences between sexual partners to simulate 2 hetero-
sexual populations, one with traditional age-specific sexual
behavior and the other with gender-similar age-specific
sexual behavior. Traditional sexual behavior indicates a
population in which genders have different age-specific
sexual activity rates and a wide gap in ages (e.g., an aver-
age of 5.6 years, as observed in India) of spouses or co-
habitating sexual partners. Gender-similar sexual behavior
indicates a population in which genders have similar age-
specific sexual activity rates and a narrow gap in ages (e.g.,
an average of 2.1 years, as observed in the United States) of
spouses or cohabitating sexual partners. In the population
with traditional sexual behavior, studies suggest that sexual
activity (i.e., having new sexual partners) among women
occurs mostly at young ages (i.e., at marital age), whereas
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sexual activity among men usually reaches a plateau,
typically at postmarital age, and remains consistent
throughout their sexually active life (3,4,9-117). Converse-
ly, in the population with gender-similar sexual behavior,
both men and women concentrate most of their sexual ac-
tivity at young ages and engage in mainly premarital rela-
tionships (7, /2—15). The number of new sexual partners for
this population peaks at ages <25 years.

We then stratified the simulated populations into 2
levels of sexual activity (high or low), according to age-
specific rates of sexual activity. The number of new sexual
partners per year was obtained by calibration and used as a
proxy for sexual activity. To factor in differences in sexual
activity rates for the 2 populations, we assumed and im-
posed on the model a set of age-specific relative rates to
represent observed sexual activity patterns for the 2 groups
(online Technical Appendix Table 1). We varied the aver-
age number of new sexual partners per year from 1 to 2 in
the calibration phase, in agreement with values reported in
studies that modeled HPV or HIV transmission (i.e., 0.29
and 4.0 partners per year) (/6).

To represent age differences between sexual partners
in the 2 populations with age-different and age-similar
sexual patterns, we used age differences between spouses
or cohabiting partners reported in India in 2005 (mean 5.6
years; 95% CI 0-13 years) (/7) and in the United States
in 2008 (mean 2.1 years; 95% CI —7 to 11 years) (/8), re-
spectively. On the basis of available data for age at first
intercourse (3), sexual activity did not start before 14 years
of age for either gender in each simulated population, and
all persons were considered susceptible to HPV16 infection
when they started sexual activity. We kept constant other
demographic, behavioral, and biologic parameters for the
2 populations.

HPV Vaccination and Changing Sexual Behavior

Model Parameterization and Calibration

Using values that we estimated and validated in our previ-
ous work with large sets of high-quality data from high-
income countries (7), we assumed for the model an 80%
probability of transmission per sexual partnership for both
genders and a 20% probability of developing type-specific
immunity after infection clearance (Table). We also as-
sumed that the per-person annual rate of viral clearance
decreased 1.3—0.3 person-years for infections that occurred
<1 year to >2 years earlier (Table 1). The simulated popu-
lations are open stable (i.e., age-specific mortality rates are
balanced by the birth rate) and stratified by single-year age
groups (ages 10-70 years).

With our model-based projections, we reproduced
data from rural India (/9) and the United States (20) as
examples of heterosexual populations with gender-dif-
ferent (i.e., traditional) and gender-similar age-specific
sexual behaviors (online Technical Appendix Figure
2). Age-standardized HPV16 prevalence (3.6%) in rural
India is consistent with prevalence found in traditional
populations (/9) and lower than the corresponding preva-
lence (5.8%) in the United States (20). To obtain adequate
matching of model-based projections with the age-specif-
ic HPV16 prevalences reported from rural India and the
United States, we calibrated the average annual number
of new sexual partners (online Technical Appendix Table
2) and the tendency for persons with similar sexual activ-
ity to form sexual partnerships (i.e., assortative mixing by
sexual activity) (Table) .

Model-Based Analyses

To show the effects of vaccination in populations with
traditional and gender-similar sexual behaviors, we simu-
lated the introduction of vaccination against HPV16 for

Table. Model parameters related to HPV16 infection, sexual behavior, and vaccine efficacy and values assigned or calibrated*

Parameter Value Source
Probability of transmission per sexual partnership, % 80 Assumed
Fraction of immunity after infection clearance, % 20 Assumed
Rate of clearance by duration since infection, person-year Assumed
<1y 1.3
12y 0.8
>2y 0.3
New sexual partners per year, mean
Heterosexual population with traditional sexual behavior 2.0 Calibrated
Heterosexual population with gender-similar sexual behavior 1.5 Calibrated
Heterosexual population with gender-similar sexual behavior with increased number of partners 2.0t SA
Heterosexual population with traditional sexual behavior with decreased number of partners 1.5% SA
Mixing between classes of sexual activity§ 0.7 Calibrated
0.3 SA
Vaccination efficacy 95% Assumed
Duration of vaccine protection Lifelong Assumed

*Values have been assumed on the basis of previous research (7). We calibrated values by fitting model-based projections to data from rural India (79)
and the United States (20). SA indicates that the value was imposed on the model for univariate sensitivity analysis.

1 We increased the average number of partners from 1.5, the calibrated value, to 2.0 in the population with gender-similar sexual behavior.

1 We decreased the average number of partners from 2.0, the calibrated value, to 1.5 in the population with traditional behavior.

§”Mixing between classes of sexual activity” is a measure of the tendency for persons with similar levels of sexual activity to form sexual partnerships. It is
measured on a scale where fully and randomly assortative (i.e., like-with-like) mixing corresponds to values 0 and 1, respectively. For the sensitivity
analysis, we changed the value of assortative mixing by level of sexual activity from 0.7, the calibrated value, to 0.3.
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11-year-old girls only and for both girls and boys and cal-
culated the percent reduction in HPV16 prevalence attribut-
able to vaccination in the 2 populations with differing age-
specific sexual behavior at the postvaccination equilibrium
(i.e., 70 years after introduction of the vaccination). We
then sought to show how transitioning from traditional to
gender-similar age-specific sexual behavior over a 15-year
period affects HPV16 prevalence in women 20-34 years of
age. The transition from traditional to gender-similar sexual
behavior was simulated by assuming a progressive shift to-
wards gender-similar sexual activity rates and reduction of
age gap between sexual partners. Finally, we simulated the
introduction of HPV vaccination, with and without catch-up
vaccination of girls and women >11 years of age, before and
after an age-specific sexual behavior transition period. On the
basis of previous reports (online Technical Appendix), vac-
cination coverage was set at 70%, vaccine efficacy against
HPV16 was set at 95%, and the duration of protective im-
munity against HPV16 infection was assumed to be lifelong.
To assess the sensitivity of our estimates to the calibrated
parameters (i.e., the average number of new sexual partners
per year and the assortative mixing by sexual activity), we
repeated our analyses and imposed on the model different
values than those obtained through model calibration. In
particular, we decreased the average number of partners by
0.5 in the population with traditional behavior (i.e., from 2.0,
the calibrated value, to 1.5) and increased the average num-
ber of partners from 1.5, the calibrated value, to 2.0 in the
population with gender-similar sexual behavior. Finally we
changed the value of assortative mixing by sexual activity
from 0.7, the calibrated value, to 0.3 (on a scale where fully
and randomly assortative mixing correspond to values of 0
and 1, respectively; online Technical Appendix Figure 3).
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Results

We used the simulations to compare the percent reduction
in HPV16 prevalence attributable to vaccination by cover-
age level after introduction of a vaccination program (for
11-year-old girls only and for both girls and boys) in a
traditional sexual-behavior population and in a population
with gender-similar sexual behavior (Figure 1). At the post-
vaccination equilibrium, the estimated percent reduction in
HPV16 prevalence attributable to vaccination is larger in
the traditional population than in the population with gen-
der-similar sexual behavior, and differences persist until
coverage for girls-only vaccination is at 80% and cover-
age for gender-neutral vaccination is at 60%. These levels
of vaccination coverage are sufficient to eliminate HPV16
infection in the population with gender-similar age-specific
sexual behavior. In a girls-only vaccination program, the
largest projected difference in reduced prevalence attribut-
able to vaccination for the 2 populations is at *50% cover-
age, which enables a reduced HPV 16 prevalence in the tra-
ditional sexual-behavior population of 85% compared with
a 64% reduction in the population with gender-similar sex-
ual behavior. For vaccination programs targeting girls and
boys, the largest difference in reduced prevalence attrib-
utable to vaccination is at ~30% coverage: 83% reduction
in HPV16 prevalence for the traditional sexual-behavior
population versus 58% reduction for the population with
gender-similar sexual behavior.

We also simulated changes in HPV16 prevalence
among women 20-34 years of age in relation to the timing
of the transition from traditional to gender-similar sexual
behavior and HPV vaccination introduction (11-year-old
girls only, 70% coverage; Figure 2). Our model showed that
in a no-vaccination scenario, HPV16 prevalence increases
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Figure 1. Relative reduction of prevalence of human papillomavirus type 16 at postvaccination equilibrium (i.e., 70 years after the
introduction of vaccination) attributable to vaccination among women 20-34 years of age after vaccination of 11-year-old girls or
11-year-old girls and boys, by coverage and a population’s age-related sexual behavior. A) 30% vaccine coverage; B) 50% vaccine
coverage. Traditional sexual behavior indicates a population in which genders have different age-specific sexual activity rates and a
wide gap in ages (e.g., an average of 5.6 years, as observed in India) of spouses or cohabitating sexual partners. Gender-similar sexual
behavior indicates a population in which genders have similar age-specific sexual activity rates and a narrow gap in ages (e.g., an
average of 2.1 years, as observed in the United States) of spouses or cohabitating sexual partners.
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from 3% to 8% with transition to gender-similar sexual be-
havior. The introduction of HPV vaccination before transi-
tion to gender-similar sexual behavior halts this increase in
~10 years and induces a decrease in prevalence to ~1.5%
in 20 years. In 30 years, vaccination reduces HPV16 preva-
lence to =1% at equilibrium. In contrast, if vaccination is
introduced after transition to gender-similar sexual behav-
ior, HPV16 prevalence will not reach 1% equilibrium for
40 years after vaccination introduction. Advantages of vac-
cination in populations before age-specific sexual-behavior
transitions occur are reduced potential increases of HPV16
prevalence and earlier effects of vaccination.

To assess the sensitivity of our estimates to the as-
sumed average number of new sexual partners per year,
we repeated our simulations by imposing the same average
number (1.5 and 2.0) of partners on the population with
age-similar sexual partners and on the traditional popula-
tion with age-different sexual partners (Table; online Tech-
nical Appendix Figure 4, panels A, B). Decreasing the
average number of partners by 0.5 in the population with
traditional sexual behavior (i.e., from 2.0 to 1.5) and in-
creasing the average number of partners from 1.5 to 2.0 in
the population with gender-similar sexual behavior modi-
fied the HPV16 prevalence among women 20-34 years of
age by similar magnitudes in both populations: 2.4% (from
3.1% to 0.7%) for the population with traditional sexual
behavior and 2.8% (from 8.2% to 11.0%) in the population
with gender-similar sexual behavior. Despite the sensitivity
of HPV16 prevalence to the average number of new sexual
partners per year, the benefit of introducing HPV vacci-
nation before transition was confirmed (online Technical
Appendix Figure 4). In addition, our findings were robust
to the assumption of a more assortative mixing between
classes of sexual activity, with prevalence increasing from
3.4% to 7.0% with transition in age-specific sexual behav-
ior (online Technical Appendix Figure 3).

Discussion
We show that the effects of a vaccination program are in-
fluenced by a population’s age-specific sexual behavior
(i.e., traditional or gender-similar). We also highlight the
benefits of implementing HPV vaccination in traditional
populations before transition to gender-similar sexual be-
havior occurs. The earlier that vaccination is established
in a population undergoing sexual-behavior transition, the
more likely it is that vaccination will be highly effective,
even if initial coverage is suboptimal. Sensitivity analyses
show that our findings are robust to uncertainties about av-
erage number of partners and assortative mixing by sexual
activity in the 2 types of sexual behavior patterns.

In our simulated traditional population, the transi-
tion to gender-similar sexual behavior entails a 2.6-fold
increase, from 3% to 8%, in HPV 16 prevalence in women

HPV Vaccination and Changing Sexual Behavior

20-34 years of age. In populations with gender-similar
sexual behavior, sexual activity of both men and women
peaks at young ages (<30 years of age), and age differ-
ence between partners is narrow. As a result, the corre-
sponding peaking sexual activity of young women and
men is more likely to enable an efficient and rapid spread
of HPV infection among susceptible young persons with
multiple new sexual partners per year. Nonoverlapping
age-specific peaks of sexual activity and larger age differ-
ences between sexual partners, as observed in traditional
populations, can decrease the basic viral reproductive
number and the spread of HPV infection and increase
the herd immunity effect of vaccination programs (217).
Consequently, vaccination has stronger effects in popu-
lations with traditional rather than gender-similar sexual
behavior. According to our model, the largest difference
in percent reduction in HPV16 prevalence attributable to
vaccination is seen if coverage is 50% (for girls-only vac-
cination) or 30% (for girls-and-boys vaccination). With
this level of coverage, the reduction in HPV 16 prevalence
achievable in women 20-34 years of age is estimated to
be =80%, compared with =60% if vaccination is intro-
duced after a transition to gender-similar sexual behavior.
Similarly, according to our projections (online Technical
Appendix Table 3), a 1-time catch-up campaign is more
efficient in a population with traditional sexual behavior
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Figure 2. Changes in prevalence of human papillomavirus type
16 among women 20-34 years of age in relation to the number
of years since the beginning of a population’s transition from
traditional to gender-similar age-related sexual behavior and

the introduction of vaccination among 11-year-old girls (with
assumption of 70% coverage) before and after transition. Shaded
area shows an assumption of a 15-year transition period. Arrows
show approximate timing of vaccination occurring before or after
a transition has occurred. Traditional sexual behavior indicates

a population in which genders have different age-specific

sexual activity rates and a wide gap in ages (e.g., an average of
5.6 years, as observed in India) of spouses or cohabitating sexual
partners. Gender-similar sexual behavior indicates a population in
which genders have similar age-specific sexual activity rates and
a narrow gap in ages (e.g., an average of 2.1 years, as observed
in the United States) of spouses or cohabitating sexual partners.
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than in a population that has transitioned to gender-sim-
ilar sexual behavior. Ambitious catch-up (i.e., up to age
18 or 25 years) would confer protection on women for
whom high-quality cervical cancer screening may not be
available (22).

Our model shows that early implementation of HPV
vaccination attenuates increased risk of HPV infection
that accompanies transition to gender-similar sexual be-
havior. This finding affects the interpretation of studies on
the surveillance of HPV vaccination. For example, in the
absence of reliable data regarding the sexual behavior of
a population and on vaccination coverage, increased HPV
prevalence might be erroneously interpreted as a lack of
vaccine effectiveness.

Our study has strengths and limitations. One strength
is the use of a validated transmission model to represent
changes in HPV16 prevalence. Transmission models can
capture the dynamics of infection circulation (23) in a pop-
ulation and have the distinct advantage of including the ef-
fect of herd-immunity attributable to vaccination (24,25).
We derived estimates for the parameters governing the
natural history of HPV16 infections from a large cervical
cancer screening study conducted in Italy (26) and validat-
ed the estimates by comparing them with data from a large
dataset from Sweden (27).

Although cervical cancer reduction is the ultimate
aim of vaccination, we chose a viral endpoint rather than
cervical disease endpoints to avoid the inclusion of ad-
ditional uncertainties that would be introduced by other
parameters that regulate the progression or regression of
HPV infection into precancerous cervical lesions and can-
cer. Viral endpoints are also the earliest to manifest and
offer the opportunity to monitor vaccination programs
and the adequacy of our model. We also chose to focus
on HPV16 only because information about the natural
history of types other than HPV16 and about vaccine ef-
ficacy against these types is limited, but data are generally
consistent for HPV16. However, use of viral endpoints
does not eliminate uncertainties related to the acquisi-
tion and clearance of HPV16 and subsequent immunity to
the virus (21).

To keep our model simple, we accounted for hetero-
geneity in sexual behavior by stratifying the simulated het-
erosexual populations into 2 classes of sexual activity and
did not account for same-sex or concurrent sexual partner-
ships (23). Ideally, an exhaustive description of exposure
to HPV infections should consider the representation of the
entire sexual network in which HPV infections are trans-
mitted, but such information is rarely available (28,29).
The method we adopted to represent sexual activity has
been extensively used to investigate the epidemiology of
STI other than HPV (23), and the sexual activity rates we
used to account for country- and age-specific HPV curves

are consistent with those observed in high- and low-income
countries (7,9-14,16,30).

To calibrate our HPV transmission model, we chose
to use data from rural India and the United States as ex-
amples of populations with traditional and gender-similar
sexual behavior, respectively. Obviously, the classifica-
tion of sexual behavior into traditional or gender-similar
behaviors is an oversimplification, as is our assumption
that the age-specific profile of HPV16 prevalence could be
sufficiently explained by differences in the number of new
sexual partners and age difference between heterosexual
partners. Other authors have evoked HPV reactivation as
a cause of high HPV prevalence in older women (37). In
the absence of specific information, we assumed that the
increase in premarital sex that characterizes the transition
to gender-similar sexual behavior (3,4) can be accounted
for by modulating the number of new sexual partners as a
function of age. Likewise, we have assumed that recorded
age differences between cohabiting partners or spouses in
India and in the United States are representative of age dif-
ferences between sexual partners in general.

On the basis of results of our model, we find that tra-
ditional or gender-similar age-specific sexual behavior
can shape age-specific HPV prevalence curves and that
a particularly favorable, time-limited window currently
exists for the introduction of HPV vaccination in tradi-
tional populations in low- and middle-income countries.
National and international agencies should seize this op-
portunity with adequate political commitment, planning,
and funding.

Acknowledgments
We thank Paolo Giorgi-Rossi and Catherine de Martel for their
comments and helpful discussion regarding this study.

This work was supported by the European Community’s Seventh
Framework Programme (FP7-HEALTH-2013) under grant
agreement no. 603019 and by the Bill & Melinda Gates Founda-
tion, grant no. OPP1053353.

Dr. Baussano is an infectious diseases physician and epidemiolo-
gist who works at the International Agency for Research on Can-
cer in Lyon, France. His current research focuses on prevention
and control of infection-related cancers in high-, middle-, and
low-income countries. He is also an Honorary Research Fellow
at the School of Public Health, Imperial College, London, UK.

References

1. Tucker JD, Chen XS, Peeling RW. Syphilis and social
upheaval in China. N Engl J Med. 2010;362:1658-61.
http://dx.doi.org/10.1056/NEJMp0911149

2. Chen ZQ, Zhang GC, Gong XD, Lin C, Gao X, Liang GJ, et al.
Syphilis in China: results of a national surveillance programme.
Lancet. 2007;369:132-8. http://dx.doi.org/10.1016/
S0140-6736(07)60074-9

22 Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 22, No. 1, January 2016



Wellings K, Collumbien M, Slaymaker E, Singh S, Hodges Z,
Patel D, et al. Sexual behaviour in context: a global perspective.
Lancet. 2006;368:1706-28. http://dx.doi.org/10.1016/
S0140-6736(06)69479-8

Mercer CH, Tanton C, Prah P, Erens B, Sonnenberg P, Clifton S,
et al. Changes in sexual attitudes and lifestyles in Britain through
the life course and over time: findings from the National Surveys of
Sexual Attitudes and Lifestyles (Natsal). Lancet. 2013;382:
1781-94. http://dx.doi.org/10.1016/S0140-6736(13)62035-8
Gregson S, Nyamukapa CA, Garnett GP, Mason PR, Zhuwau T,
Carael M, et al. Sexual mixing patterns and sex-differentials in
teenage exposure to HIV infection in rural Zimbabwe. Lancet.
2002;359:1896-903. http://dx.doi.org/10.1016/
S0140-6736(02)08780-9

Franceschi S, Herrero R, Clifford GM, Snijders PJ, Arslan A,

Anh PT, et al.; IARC HPV Prevalence Surveys Study Group.
Variations in the age-specific curves of human papillomavirus
prevalence in women worldwide. Int J Cancer. 2006;119:2677-84.
http://dx.doi.org/10.1002/ijc.22241

Baussano I, Elfstrom KM, Lazzarato F, Gillio-Tos A, De Marco L,
Carozzi F, et al. Type-specific human papillomavirus biological
features: validated model-based estimates. PLoS ONE.
2013;8:¢81171. http://dx.doi.org/10.1371/journal.pone.0081171
Guan P, Howell-Jones R, Li N, Bruni L, de Sanjosé S,

Franceschi S, et al. Human papillomavirus types in 115,789
HPV-positive women: a meta-analysis from cervical infection to
cancer. Int J Cancer. 2012;131:2349-59. http://dx.doi.org/10.1002/
ijc.27485

Lopman B, Nyamukapa C, Mushati P, Mupambireyi Z, Mason P,
Garnett GP, et al. HIV incidence in 3 years of follow-up of a
Zimbabwe cohort—1998-2000 to 2001-03: contributions of proxi-
mate and underlying determinants to transmission. Int J Epidemiol.
2008;37:88-105. http://dx.doi.org/10.1093/ije/dym255

Baggaley RF, Garnett GP, Ferguson NM. Modelling the impact

of antiretroviral use in resource-poor settings. PLoS Med.
2006;3:e124. http://dx.doi.org/10.1371/journal.pmed.0030124
Garnett GP, Anderson RM. Balancing sexual partnerships in an age
and activity stratified model of HIV transmission in heterosexual
populations. IMA J Math Appl Med Biol. 1994;11:161-92.
http://dx.doi.org/10.1093/imammb/11.3.161

Vinskd S, Auranen K, Leino T, Salo H, Nieminen P, Kilpi T, et al.
Impact of vaccination on 14 high-risk HPV type infections:

a mathematical modelling approach. PLoS ONE. 2013;8:¢72088.
http://dx.doi.org/10.1371/journal.pone.0072088

Johnson HC, Elfstrom KM, Edmunds W1J. Inference of type-
specific HPV transmissibility, progression and clearance rates: a
mathematical modelling approach. PLoS ONE. 2012;7:e49614.
http://dx.doi.org/10.1371/journal.pone.0049614

Barnabas RV, Laukkanen P, Koskela P, Kontula O, Lehtinen M,
Garnett GP. Epidemiology of HPV 16 and cervical cancer in
Finland and the potential impact of vaccination: mathematical
modelling analyses. PLoS Med. 2006;3:e138. http://dx.doi.org/
10.1371/journal.pmed.0030138

Van de Velde N, Brisson M, Boily MC. Understanding differences
in predictions of HPV vaccine effectiveness: a comparative
model-based analysis. Vaccine. 2010;28:5473-84.
http://dx.doi.org/10.1016/j.vaccine.2010.05.056

Hertog S. Heterosexual behavior patterns and the spread of HIV/
AIDS: the interacting effects of rate of partner change and sexual
mixing. Sex Transm Dis. 2007;34:820-8.

Demographic and Health Survey Program. India: standard DHS,
2005-06. Rockville (MD): The Program; 2006 [cited 2014 Jul 10].
http://dhsprogram.com/data/dataset/India_Standard-DHS
2006.cfm?flag=0

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

HPV Vaccination and Changing Sexual Behavior

Vespa J, Lewis JM, Kreider RM. America’s families and living
arrangements: 2012. Washington, DC: US Census Bureau,

Aug 2013. p. 22-23 [cited 2014 Jul 10]. http://www.census.gov/
prod/2013pubs/p20-570.pdf

Franceschi S, Rajkumar R, Snijders PJF, Arslan A, Mahé C,
Plummer M, et al. Papillomavirus infection in rural women in
southern India. Br J Cancer. 2005;92:601-6.

Dunne EF, Sternberg M, Markowitz LE, McQuillan G, Swan D,
Patel S, et al. Human papillomavirus (HPV) 6, 11, 16, and 18
prevalence among females in the United States—National Health
And Nutrition Examination Survey, 2003—2006: opportunity to
measure HPV vaccine impact? J Infect Dis. 2011;204:562-5.
http://dx.doi.org/10.1093/infdis/jir342

Franceschi S, Baussano 1. Naturally acquired immunity

against human papillomavirus (HPV): why it matters in the HPV
vaccine era. J Infect Dis. 2014;210:507-9. http://dx.doi.org/
10.1093/infdis/jiul43

Franceschi S, Denny L, Irwin KL, Jeronimo J, Lopalco PL,
Monsonego J, et al. Eurogin 2010 roadmap on cervical cancer
prevention. Int J Cancer. 2011;128:2765-74. http://dx.doi.org/
10.1002/ij¢c.25915

Garnett GP. An introduction to mathematical models in sexually
transmitted disease epidemiology. Sex Transm Infect. 2002;
78:7-12. http://dx.doi.org/10.1136/sti.78.1.7

Baussano I, Garnett G, Segnan N, Ronco G, Vineis P. Modelling
patterns of clearance of HPV-16 infection and vaccination
efficacy. Vaccine. 2011;29:1270-7. http://dx.doi.org/10.1016/
j-vaccine.2010.11.082

Garnett GP. Role of herd immunity in determining the effect of
vaccines against sexually transmitted disease.

J Infect Dis. 2005;191(Suppl 1):S97-106. http://dx.doi.org/
10.1086/425271

Ronco G, Giorgi-Rossi P, Carozzi F, Confortini M, Dalla

Palma P, Del Mistro A, et al. Efficacy of human papillomavirus
testing for the detection of invasive cervical cancers and cervical
intraepithelial neoplasia: a randomised controlled trial.

Lancet Oncol. 2010;11:249-57. http://dx.doi.org/10.1016/
S1470-2045(09)70360-2

Soderlund-Strand A, Dillner J. High-throughput monitoring of
human papillomavirus type distribution. Cancer Epidemiol
Biomarkers Prev. 2013;22:242-50. http://dx.doi.org/10.1158/
1055-9965.EPI-12-1003

Liljeros F, Edling CR, Nunes Amaral LA. Sexual networks:
implications for the transmission of sexually transmitted infections.
Microbes Infect. 2003;5:189-96. http://dx.doi.org/10.1016/
S1286-4579(02)00058-8

Widdice LE, Breland DJ, Jonte J, Farhat S, Ma Y, Leonard AC,
et al. Human papillomavirus concordance in heterosexual couples.
J Adolesc Health. 2010;47:151-9. http://dx.doi.org/10.1016/
j-jadohealth.2010.01.006

Kim JJ, Andres-Beck B, Goldie SJ. The value of including boys
in an HPV vaccination programme: a cost-effectiveness

analysis in a low-resource setting. Br J Cancer. 2007;97:1322-8.
http://dx.doi.org/10.1038/sj.bjc.6604023

Gravitt PE, Rositch AF, Silver MI, Marks MA, Chang K,

Burke AE, et al. A cohort effect of the sexual revolution may be
masking an increase in human papillomavirus detection at
menopause in the United States. J Infect Dis. 2013;207:272-80.
http://dx.doi.org/10.1093/infdis/jis660

Address for correspondence: lacopo Baussano, International Agency for
Research on Cancer, 150 Cours Albert Thomas, 69372 Lyon CEDEX 08,
France; email: baussanoi@iarc.fr

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 22, No. 1, January 2016 23



